Larix laricina (eastern larch, tamarack) is a transcontinental North American conifer with a prominent disjunction in the Yukon isolating the Alaskan distribution from the rest of its range. We investigate whether in situ persistence during the last glacial maximum (LGM) or long-distance postglacial migration from south of the ice sheets resulted in the modern-day Alaskan distribution. We analyzed variation in three chlo- The lack of gene flow into Alaska along with the overall probability of larch occurrence in Alaska being currently lower than during the LGM suggests that modern-day Alaskan larch populations are isolated climate relicts of broader glacial distributions, and so are particularly vulnerable to current warming trends.
| INTRODUC TI ON
With many ecosystems under threat from anthropogenic climate change, it is critical to understand species responses to past climate shifts in order to help project the impacts of future change (Blois, Zarnetske, Fitzpatrick, & Finnegan, 2013) . The last glacial maximum (LGM; 23,000-19,000 cal yr BP) and its transition into the Holocene exhibited widespread changes in climate and species distributions (Jackson, Overpeck, Webb, Keattch, & Anderson, 1997; Williams, Shuman, Webb, Bartlein, & Leduc, 2004) . Our understanding of the relative importance of ice-age refugial persistence versus postglacial long-distance migration in the development of modern species distributions has advanced greatly with recent integrative studies combining fossil, genetic, and modeling analyses (e.g., Gavin et al., 2014; Wang et al., 2015) . These studies have called into question the role of long-distance migration as the dominant species response to shifting climates (Christmas, Breed, & Lowe, 2016; Corlett & Westcott, 2013; de Lafontaine, Napier, Petit, & Hu, 2018) . In particular, a growing number of phylogeographic surveys have demonstrated populations persisted in situ, in refugia closer to the ice sheets during the LGM than previously discernible from other lines of evidence (e.g., Anderson, Hu, Nelson, Petit, & Paige, 2006; de Lafontaine, Ducousso, Lefèvre, Magnanou, & Petit, 2013; McLachlan, Clark, & Manos, 2005; Napier, de Lafontaine, Heath, & Hu, 2019) .
Range disjunctions serve as natural laboratories that allow us to examine the interplay between long-distance migration and refugial persistence in biome development since the LGM (Bernardi, Findley, & Rocha-Olivares, 2003; Givnish et al., 2004; Gusarova et al., 2015; Ruffley et al., 2018; Xiang & Soltis, 2001 ). Because range disjunctions limit gene flow and admixture, dispersal events from populations across a disjunction result in detectable genetic signals (Hamilton & Eckert, 2007; Sanz, Schönswetter, Vallès, Schneeweiss, & Vilatersana, 2014) . Genetic analyses of disjunct populations from a number of species, such as Pinus nigra in western Europe, have highlighted the role of LGM refugia in postglacial colonization (e.g., AfzalRafii & Dodd, 2007) . These analyses also revealed complex postglacial population dynamics, uncovering the interplay between refugial persistence and long-distance migration (Escudero, Valcárcel, Vargas, & Luceño, 2010; Fernandez, Hu, Gavin, de Lafontaine, & Heath, 2020; Wolf, Schneider, & Ranker, 2001 ). For example, although refugial populations of Thuja plicata persisted through the LGM in the interior of the Pacific Northwest, long-distance immigrants from coastal populations dominated the interior range expansion during the postglacial period (Fernandez et al., 2020) .
Tamarack (eastern larch, Larix laricina) is a transcontinental North
American conifer, with a prominent disjunction in the Yukon that isolates the Alaskan distribution from the larger range in Canada (Ritchie, 1987; Warren et al., 2016) . The isolated distribution in Alaska may have persisted through the LGM, or resulted from postglacial colonization and long-distance migration from south of the ice sheets. Previous studies have provided evidence for the persistence of several boreal tree species through the LGM in ice-free areas of Alaska and adjacent Canada (Anderson et al., 2006; Brubaker, Anderson, Edwards, & Lozhkin, 2005; Edwards, Armbruster, & Elias, 2014; Gerardi, Jaramillo-Correa, Beaulieu, & Bousquet, 2010; Zazula, Telka, Harington, Schweger, & Mathewes, 2006) . Little is known about the history of L. laricina despite several decades of paleoecological studies (Brubaker et al., 2005) . Pollen records of the species are ambiguous but suggest the presence in parts of Alaska at least as early as 14 ka (Brubaker et al., 2005) . A recent phylogeographic survey of L. laricina, which focused on the eastern part of the range, also indicated possible LGM persistence of the species in Alaska (Warren et al., 2016) . However, this inference relied on a single genetically distinct population from Alaska, providing insufficient data to elucidate the development of the larch range disjunction.
Here, we report the results of an integrative study relying on chloroplast-marker analyses and species distribution modeling to assess the origin and spatiotemporal dynamics of the disjunct Alaskan larch distribution. Specifically, we tested whether larch persisted in Alaska during the LGM or went through postglacial recolonization via long-distance migration from populations that persisted south of the ice sheets. Under the former scenario, we expected a distinct genetic lineage in Alaska along with a high modeled probability of past occurrence, whereas postglacial migration should result in similar genetic lineages on both sides of the Yukon divide and a low probability of larch presence in the area during the LGM. We sampled 24 L. laricina populations on both sides of the Yukon range disjunction, including populations from Alaska, Northwest Territories, and Alberta. We analyzed these new results in a range-wide transcontinental context by pooling them with published genotypic data on L. laricina, which provided key information for deciphering the postglacial spatiotemporal dynamics of L. laricina in the western part of its range (Warren et al., 2016) . We also conducted ensemble species distribution modeling (SDM) to hindcast the potential range of L. laricina during the LGM.
Together, these results provide the first unambiguous evidence for the long-term ice-age isolation of this species in Alaska that extends prior to the last glacial period and into the present interglacial period.
| MATERIAL S AND ME THODS

| Sampling, DNA extraction, and genotyping
We sampled 251 L. laricina individuals from 24 sites in Alaska and western Canada (Table S1 ). At each site, foliar samples from individuals spaced >100 m apart were collected and dried in silica gel. For each individual, total DNA was extracted from 18 mg of homogenized tissue using Nucleospin 96 Plant II (MachereyNagel Inc.). Previous categorization of polymorphism for chloroplast DNA (cpDNA) in L. laricina was conducted by examining simple sequence repeats (SSRs) with 20 primer pairs (Warren et al., 2016) . Three polymorphic chloroplast microsatellite (cpSSR) loci were identified: Pt26081, Pt30204, and Pt63718 (Vendramin, Lelli, Rossi, & Morgante, 1996) . We targeted these three loci for genotyping using the corresponding fluorescently tagged forward and reverse primers (Table S2) A previous study (Warren et al., 2016) used these same three cpSSR loci to explore genetic patterns for L. laricina across 589 individuals from 45 populations sampled across eastern and western Canada (Table S1 ). We combined our new genotyping results with these previous data, resulting in 840 genotyped individuals spanning the full range of L. laricina. The combined dataset provides an opportunity to examine range-wide genetic variation, allowing us to contextualize the patterns of genetic diversity present in the disjunct Alaskan population.
| Genetic diversity, population structure, and differentiation
Within-population chlorotype diversity (H S ), which is the equivalent to expected heterozygosity for diploid data (Weir, 1996) , was calculated with FSTAT 2.9 (Goudet, 1995) . We conducted a Bayesian analysis of the population structure across all 840 genotyped L. laricina individuals in BAPS 6.0 (Corander, Marttinen, Sirén, & Tang, 2008) using "spatial clustering of groups" that identifies genetically homogenous populations based on the cpDNA polymorphisms. BAPS assigns populations in a preset number of user-defined groups (the k-value) seeking to maximize the differentiation among groups by considering the number of requested groups and their allele frequencies as varying parameters. The optimal k-value (i.e., number of groups) is determined by running 10 replicates of k = 2 through 10 and then selecting the scenario where log marginal likelihood first reaches a plateau. Between the identified groups, an analysis of molecular variance (AMOVA) and pairwise F ST among populations were implemented in ARLEQUIN version 3.5 (Excoffier & Lischer, 2010) to detect patterns of genetic differentiation.
| Species distribution modeling
Species distribution modeling (SDM) was used to simulate modern-day potential range and hindcast the LGM distribution for L. laricina. Occurrence records used to inform the SDMs were generated from our sampling sites and herbaria records (see Figure S1 in Appendix S1). The final dataset used to build the SDMs comprised 341 occurrence records. Climate data were extracted from WorldClim (Hijmans, Cameron, Parra, Jones, & Jarvis, 2005) and selected for present and LGM paleo-environments (see Note S1 in Appendix S1). SDMs were then generated with BIOMOD2 package version 3.3 (Thuiller, Georges, Engler, & Breiner, 2016) 
| RE SULTS
| Genetic results
By concatenating the three polymorphic cpSSR loci, we identified a total of 29 multilocus chlorotypes over all sampled 840 larch individuals ( Figure 1a ; Table S1 ). Genetic analysis on the 24 new populations of L. laricina uncovered five previously unknown chlorotypes (N1-N5) of which three (N1, N2, and N3) are endemic to Alaska (Figure 1a,b) . Larch samples focusing on both sides of the Yukon range discontinuity (Figure 1b ; n = 24 populations) indicated that mean within-population chlorotype diversity (H S ) is significantly lower in Alaska compared with western Canadian populations east of the range discontinuity (Figure 2a ; p = .0002, two-sided MannWhitney U test). According to an analysis of molecular variance (AMOVA , Table 1a ), 30% of the molecular variance in these populations is explained by grouping them geographically on either side of the Yukon discontinuity (F CT = 0.3), whereas the molecular variance among the populations within these two regions is not statistically significant (F SC = 0.04, p = .07). Alaskan populations exhibited dominance of a single chlorotype (XV), whereas greater evenness of the chlorotypes was found in Canada, across the disjunction (Figures   1b and 2b) . The minimum spanning tree, which places chlorotypes with similar molecular variation close together and more differentiated chlorotypes further apart, identified that the three chlorotypes unique to Alaska are all one mutation away from the dominant chlorotype XV (Figure 1a ).
We merged our results with those of Warren et al. (2016) for the same species and cpDNA markers to examine the spatial patterns of genetic variation across North America (Figure 1c) . The BAPS algorithm revealed three distinct population clusters (logML of optimal partition = −1,473): group 1 in eastern Canada, group 2 in western Canada (from Lake Winnipeg to the Yukon range discontinuity), and group 3 in Alaska ( Figure 1d , Table S1 ). The level of chlorotype diversity in the two Canadian BAPS groups is roughly equivalent (mean 
TA B L E 1 Analysis of molecular variance (AMOVA) that accounts for the sources of molecular variance in chlorotypes sampled throughout the range of Larix laricina
any two BAPS groups (Figure 3) . The two BAPS groups from Canada are not highly differentiated (mean pairwise F ST = 0.13, Figure 3a) .
Alaska populations are less differentiated from western Canadian populations (mean pairwise F ST = 0.31, Figure 3b ) than from the populations sampled in eastern Canada (mean pairwise F ST = 0.50, Figure 3c ).
Analysis of molecular variance (AMOVA , Table 
| Species distribution models
Of the 700 models for L. laricina, 368 meet the criterion to be considered useful (TSS > 0.6). We retained the 50 best models for the LGM habitats for larch occurs within the region that is now central Alaska.
| D ISCUSS I ON
Results from the 24 L. laricina populations revealed distinct genetic patterns on both sides of the Yukon range discontinuity. The populations from Alaska harbor three endemic chlorotypes (N1, N2, and in eastern and western Canada were previously reported based on allozyme and cpDNA polymorphisms (Cheliak, Wang, & Pitel, 1988; Warren et al., 2016) . Our results provide the first robust evidence for a third genetic lineage in Alaska, supporting prior speculation of a glacial refugium based upon the cpDNA analysis of a single Alaskan population (Warren et al., 2016) .
The low genetic diversity of L. laricina in Alaska, especially when compared to the modern-day conjoined populations forming the Canadian distribution, probably reflects long-term isolation and erosion of genetic diversity due to drift (i.e., Frankham, 1996; Spielman, Brook, Briscoe, & Frankham, 2004; Willi, Buskirk, Schmid, & Fischer, 2007) fostered by the lack of incoming gene flow. Mutation rates in cpDNA and cpSSR loci are low in conifers (Provan, Powell, & Hollingsworth, 2001; Provan, Soranzo, Wilson, Goldstein, & Powell, 1999; Schaal & Olsen, 2000) . For example, a conifer cpDNA study examining an 8,500-year-old bottleneck was unable to detect any mutations within 17 cpSSR loci and calculated that accumulating BAPS groups group 1 (eastern Canada) group 2 (western Canada) group 3 (Alaska)
F I G U R E 5
Ensemble species distribution models (SDMs) for Larix laricina. The top and lower panels show distributions predicted with the present and LGM (19-21 kyr ago) climatic conditions, respectively. Predicted distribution probabilities are shown in each 2.5 arc-min pixel, with darker colors indicating increasing probability of occurrence. The blue layer represents the extent of the ice sheets during the last glacial maximum (Dyke, 2004) . . . .
even a single mutation would likely require many additional generations (Provan et al., 1999) . Thus, the endemic chlorotypes and multiple other chlorotypes that are one mutation step away from the most common chlorotype (XV) in Alaska strongly suggest prolonged isolation in the region (Figure 1 ). This geographic isolation likely predates the LGM, permitting little-to-no incoming gene flow from the more genetically diverse Canadian populations, promoting genetic drift in Alaska, and resulting in an increasingly divergent, albeit genetically depauperate, Alaskan lineage (de Lafontaine et al., 2013; Mee & Moore, 2014) .
Our species distribution model corroborates the genetic data, supporting three LGM refugia for larch in North America ( Figure 5 ).
Furthermore, it suggests that one of the broadest areas of past climate suitability for L. laricina existed in central Alaska, which was unglaciated during the LGM (Kaufman & Manley, 2004) . This bioclimatic scenario, combined with the withdrawal of many Alaskan competitor tree species into small refugial habitats during the LGM, would have provided larch with the potential opportunity to occupy a broader range than present. Evidence for such "reverse-refugial dynamics" (i.e., ice-age expansion rather than contraction) has been reported in a few other taxa during the LGM (Bisconti, Canestrelli, Colangelo, & Nascetti, 2011; Leite et al., 2016) , but Alaskan larch would represent the first instance for a widespread boreal tree. It is possible that our SDM overestimated the extent of putative LGM distribution in Alaska, because of inaccurate paleoclimate data or the assumption of a static relationship between species and climate (Givnish et al., 2004; Guisan & Thuiller, 2005; Veloz et al., 2012) .
Additionally, abundant Alaskan fossil pollen records (Brubaker et al., 2005; Lozhkin & Anderson, 2011) do not provide evidence for pervasive larch persistence during the LGM and early postglacial.
However, larch is extremely underrepresented in fossil pollen records, and sediment records spanning the LGM are rare (Brubaker et al., 2005) , leaving open the possibility that a broad LGM distribution of L. laricina has been overlooked due to inadequate or missing data.
Despite advances in arctoboreal palynology (Oswald, Brubaker, Hu, & Kling, 2003) , pollen analysis will remain a blunt instrument for studying the LGM extent of larch in Alaska. Emerging techniques involving ancient plant DNA now allow for molecular reconstruction of palaeofloras through time (Parducci et al., 2017) and may provide an effective means to evaluate our results suggesting a broader past distribution of larch in Alaska during the LGM than at present.
Our results join a growing body of research demonstrating iceage persistence in areas previously thought to be climatically unsuitable for tree species during the LGM (e.g., Napier et al., 2019; Provan & Bennett, 2008; Roberts & Hamann, 2015; Stewart & Lister, 2001; Zeng, Wang, Liao, Wang, & Zhang, 2015) . However, unlike other studies of boreal and temperate taxa that considered northern populations as "cryptic microrefugia" (Tzedakis, Emerson, & Hewitt, 2013 de Lafontaine et al., 2018) . The low genetic diversity in Alaskan larch populations ( Figure 1 ) could reflect increased drift due to long-term isolation and decreasing population sizes throughout the Holocene.
With no "rescue effect" possible from external gene flow, an "Allee effect," or decreased fitness associated with inbreeding depression in smaller population sizes, threatens the continued existence of these remnant populations (Stephens, Sutherland, & Freckleton, 1999) . For instance, Alaskan larch has struggled to cope with cascading insect outbreaks, leading to the death of more than 80% of all adult larch in Alaska (Burnside, Schultz, Lisuzzo, & Kruse, 2013; Rozell, 2007) .
Given that, in addition to their genetic impoverishment, Alaskan larch populations are likely unable to migrate into new habitats, climate change may overwhelm their ability to persist. While there is an enduring debate over the preservation of peripheral populations, the longstanding isolation and endemic genetic signature of Alaskan larch suggests that they represent a unique ecological and evolutionary legacy worth conserving (Lesica & Allendorf, 1995) . It may thus be prudent to sustain Alaskan larch populations through assisted migration to facilitate their movement across the disjunction before these climate relicts succumb to the mounting pressures of climate change.
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